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In Brief
Manipulating the activity of specific neuronal types has been difficult in primates. El-Shamayleh et al. achieve selective optogenetic activation of Purkinje cells in the macaque cerebellum via AAV-mediated delivery of the ChR2 gene under control of an L7 promoter.
INTRODUCTION
The cerebellum is a phylogenetically conserved brain structure composed of distinct cell types connected by stereotyped circuitry. Purkinje cells, the sole output of the cerebellar cortex, are involved in the execution of accurate and well-timed movements (Holmes, 1939; Robinson and Fuchs, 2001; Thach et al., 1992; Wolpert et al., 1998) , balance and posture (Ioffe, 2013; Morton and Bastian, 2004) , and learning and memory (Ito, 2002; Raymond et al., 1996) . How Purkinje cells contribute to these capacities is poorly understood in large part because techniques for manipulating activity in these cells selectively are unavailable in most animal models. The inability to target these cells in non-human primates has been particularly limiting because these animals possess a combination of fine motor control, behavioral consistency, and trainability that make them particularly well suited for testing some hypotheses of Purkinje cell function.
Purkinje cell activity can be manipulated without directly affecting other cell types using optogenetics. In transgenic animals, cell-type-specific targeting is relatively straightforward and requires genetic modifications early in development (for a review, see S1ugocka et al., 2017) . In non-transgenic animals, however, targeting is difficult. The difficulty arises from the method of gene delivery-typically viral vector injection into adult animals. These vectors carry promoter sequences that can confer a degree of cell-type specificity, but this specificity is usually modest (K€ ugler, 2015) . Recently however, a cell-type-specific promoter was used to express channelrhodopsin-2 (ChR2) selectively in dopamine neurons of rhesus macaques (Stauffer et al., 2016) . Optical stimulation of these neurons produced spiking activity and caused the monkeys to make behavioral responses that they learned, over repeated trials, would trigger additional optical stimulation. Targeted ChR2 expression was achieved with an intersectional, dual-vector strategy in which one vector carried the gene for the enzyme Cre recombinase under the control of the tyrosine hydroxylase promoter (TH) and the other carried the gene for ChR2 in the FLExed (Cre-dependent) configuration (Schn€ utgen et al., 2003) . This strategy ensured that only neurons in which the TH promoter was active produced Cre recombinase, catalyzing ChR2 expression in dopaminergic neurons selectively.
Motivated by this advance and the quest for a generalizable strategy for targeting gene delivery to specific primate neuronal types, we addressed three open questions. First, can cell-typespecific promoters delivered by viral vector drive physiological levels of opsin expression directly-without a Cre-dependent strategy? A single vector strategy, if sufficiently selective, would be simpler and more efficient. Second, can cell-type specificity be achieved with a single promoter when packaged in different vector serotypes? Knowing the extent to which cell-type specificity is mediated by the promoter, as opposed to vector serotype, is critical for assessing the generalizability of this approach. Third, are cell-type-specific optogenetic manipulations sufficient to affect primate behavior on single trials? Knowing the time course over which optical stimulation affects behavior constrains the set of hypotheses that can be tested with this technique.
To answer these questions, we expressed ChR2 in Purkinje cells of rhesus macaques using an adeno-associated viral vector (AAV) containing a 1 kb fragment of the murine L7/Pcp2 promoter (Iida et al., 2013; Oberdick et al., 1990; Tsubota et al., 2011; Yoshihara et al., 1999) . We used a single vector approach that did not require Cre-dependent recombination, and we varied the vector serotype (AAV9 and AAV1). Histological analyses confirmed Purkinje cell-specific ChR2 expression with both serotypes. Sinusoidal optical stimulation evoked vigorous, entrained spiking responses. Optical stimulation of the oculomotor vermis, triggered by saccade initiation, exerted significant and consistent effects on saccade trajectories with a latency of $15 ms. These results demonstrate the utility of the AAV-L7-ChR2 vector for investigating the contributions of Purkinje cells to circuit function and behavior in primates, and they confirm that short promoters can mediate cell-type-specific opsin expression at physiological levels in non-transgenic animals.
RESULTS
To excite Purkinje cells selectively, we engineered AAV vectors containing a 1 kb fragment of the L7/Pcp2 promoter upstream of the channelrhodopsin-2 gene (ChR2(H143R)) and injected them into the cerebellar cortex of three rhesus macaques (Figure 1) . Below, we show that ChR2 expression was restricted to Purkinje cells and was sufficiently strong to mediate optically driven changes in spiking activity and saccade metrics.
Specificity of Vector-Mediated Expression
We injected two monkeys (monkey 1 and monkey 2) with AAV9-L7-ChR2-mCherry. After conducting neurophysiological experiments, we processed their cerebella immunohistochemically to identify transduced cells based on mCherry expression ( Figures  2A-2D ). Almost all mCherry-positive cells (red) were Purkinje cells as assessed by morphology, position in the Purkinje cell layer, and expression of calbindin (green), a reliable Purkinje cell marker (Fortin et al., 1998; Jande et al., 1981; Whitney et al., 2008) . In contrast, few other cells were mCherry positive ( Figures S1A and S1B) .
We quantified the selectivity and efficiency of the AAV9-L7-ChR2-mCherry vector by counting the number of mCherrypositive and calbindin-positive cells in three histological sections within the region of strongest expression (Figure 3) . Selectivity, defined as the percentage of mCherry-positive cells that were also calbindin positive, was consistently high across sections and monkeys: 91% ± 1% for monkey 1 and 96% ± 2% for monkey 2 (mean ± SE; Figure 3C , red). Efficiency, defined as the percentage of calbindin-positive cells over the counting region that were also mCherry positive, was also consistently high: 72% ± 6% for monkey 1 and 83% ± 3% for monkey 2 (mean ± SE; Figure 3C , green). Together, these analyses show that most of the transduced cells near the injection site were Purkinje cells and that most Purkinje cells near the injection site were transduced. We inspected 16 cells that were mCherry positive and not calbindin positive by confocal microscopy (633). These cells were all located in the granule cell layer and had granule cell-like morphology (see Figure S1 ; images in regions corresponding to black boxes in Figures 3A and 3B) .
We injected monkey 2 with two AAV serotypes-1 and 9-containing the same L7-ChR2 construct, allowing us to compare the selectivity and efficiency of these serotypes in the same animal ( Figure S2 ). AAV1 and AAV9 vectors had similar selectivity, both 96% ± 2% (mean ± SE; Figure 3C , red), but the AAV1 vector had an efficiency of only 49% ± 3% (mean ± SE; Figure 3C , green), possibly related to previous AAV1 injections made in this animal (Calcedo and Wilson, 2013; Mendoza et al., 2017 , see data for monkey F in their Figure 6 ). These analyses demonstrate that Purkinje cell-specific expression of ChR2 can be achieved with either AAV1 or AAV9 vectors.
We considered the possibility that, despite their evolutionary divergence (Gao et al., 2004) , AAV1 and AAV9 share a natural tropism for Purkinje cells irrespective of the promoter they carry. To control for this possibility, we injected monkey 3 with AAV1-CMV-GFP, a vector driving the expression of green fluorescent protein (GFP) under control of the cytomegalovirus (CMV) promoter, which we expected to transduce cerebellar cell types less selectively (Figure 4) . In this monkey, GFP expression was observed in granule cells (Figure 4A, upper white box; Figure S3A, arrows) , glia ( Figure 4B , lower white box; Figure S3B ), and Golgi cells ( Figure S3C ), in addition to Purkinje cells (Figure 4B ; region corresponding to middle white box in Figure 4A ). Only 8% of GFP-positive cells were Purkinje cells ( Figure 4C ). This non-selective expression pattern shows that the Purkinje cell specificity of the AAV1-L7-ChR2 vector was not due to the AAV1 capsid.
Optogenetic Activation of Purkinje Cells
We measured responses to blue (450 nm) light delivered via optical fiber to the cerebellar cortex. At sites where optically driven responses were evoked, we varied the frequency of stimulation in interleaved trials ( Figure 5A ). We quantified response entrainment at each frequency, fitted these data with a descriptive function, and extracted two parameters: the preferred frequency and high-frequency cutoff ( Figure 5B ). The preferred frequency of the example unit was 5 Hz (dark gray), and the high-frequency cutoff was 24 Hz (light gray).
Similar results were obtained from other units. Thirty of 31 units fired more spikes during laser trials than control trials ( Figure 5C ). For 21 of these units, we measured the frequency dependence of optical stimulation up to 500 Hz. The average increase in spiking activity was 2-fold across all frequencies tested and was 17-fold at the preferred frequency ( Figure 5D ). Preferred stimulation frequencies ranged from 2 to 14 Hz (median 5 Hz), and high-frequency cutoff values ranged from 3 to 63 Hz (median 19 Hz; Figure 5E ). These data demonstrate the reliability of optogenetic activation over a broad range of stimulation frequencies.
Most units responded to light onset with a sustained increase in firing rate but did not entrain to modulations above 100 Hz. We therefore used these high-frequency stimulation conditions to estimate neuronal response latencies to light steps. The latency of optogenetic activation for the example unit was 4 ms. Across the units tested (n = 16), latencies ranged from 3 to 59 ms, with a median of 9 ms ( Figure 5F ). The two units with the longest latencies responded to optical stimulation with slowly ramping increases in firing rate, consistent with a polysynaptic response. These units may have been molecular layer interneurons that were disinhibited through activation of Purkinje cell axon collaterals (Witter et al., 2013) .
Optogenetic Control of Oculomotor Behavior
To probe the behavioral impact of Purkinje cell activation, we injected monkey 4 with AAV9-L7-ChR2 in the oculomotor vermis (OMV), a midline cerebellar region identified on the basis of saccade-related bursts of neural activity ( Figure S4A ). The effects of optical stimulation were assessed during visually guided saccades. On each trial, a target appeared 10 away from the fixation point along one of the cardinal directions, and on a random 50% of trials, optical stimulation was triggered by saccade initiation ( Figure 6A ). An example dataset from one session demonstrates the effect of stimulation on saccade trajectories (Figure 6B) . Optical stimulation biased saccade endpoints to the left: rightward saccades became hypometric by 17%, and leftward saccades became hypermetric by 11%. Upward and downward saccades were also biased leftward. Additionally, downward saccades became hypermetric, an effect consistent with protraction of the saccade deceleration phase ( Figures  S4B-S4E ).
We made a total of 11 penetrations through the OMV and encountered light-driven responses in all of them. We conducted behavioral testing at ten of these sites and obtained similar results each time ( Figure 7A , colored lines); optical stimulation shifted saccade endpoints leftward and downward. Endpoint shifts depended on saccade direction; downward saccades were shifted predominantly downward, and rightward saccades were shifted predominantly leftward. All shifts were significant except for upward and downward saccades at two stimulation sites (randomization tests, p < 0.05; see STAR Methods). The shift direction was correlated across downward, rightward, and leftward saccades (Spearman's r, p < 0.1 for all three pairwise comparisons; e.g., downward versus rightward). This effect was related to the position of the fiber in the OMV ( Figure 7A , inset black box). At the rightmost stimulation site, saccade displacement vectors were predominantly downward. As the fiber was moved to the left, saccade displacement vectors rotated clockwise (Spearman's r between the medio-lateral position of the fiber and the angle of saccade displacement vector, p < 0.1 for all three pairwise comparisons).
For each behavioral session, we estimated the time at which saccade trajectories started to differ between control and laser trials from velocity profiles (see STAR Methods). Latency was 14.5 ± 0.4 ms (mean ± SE) and did not depend on saccade direction or stimulation site (Kruskal-Wallis tests, p > 0.1, Figure 7B ).
For one well-isolated OMV Purkinje cell, extracellular voltages were sampled at 50 kHz, allowing us to distinguish simple from complex spikes, the hallmark voltage waveforms of Purkinje cells ( Figure S5 ). The rate of simple spikes increased during optical stimulation and entrained to square-wave 50 Hz laser pulses ( Figure S5A , gray ticks in rasters). The rate of complex spikes, which were identified manually on the basis of waveform (see for example Figure S5B , black circles), also increased during and after optical stimulation ( Figure S5A , black circles) but did not entrain to light pulses.
DISCUSSION
We constructed and vetted a viral vector (AAV-L7-ChR2) for the selective optogenetic activation of cerebellar Purkinje cells in rhesus macaques. Purkinje cell specificity was due to the promoter (compare Figures 2 and 4) , not the AAV serotype (Figure 3 ; Table 1 ). Optical stimulation caused spiking activity ( Figure 5 ) and consistent changes in saccade endpoints (Figure 7) . Thus, AAV-L7-ChR2 enables selective and powerful activation of Purkinje cells, making it an effective tool for investigating their contributions to primate brain function and behavior. Below, we relate our findings to previous efforts to target neuronal types in primates using cell-type-specific promoters in viral vectors. We then discuss applications of this optogenetic tool for studies of cerebellar function.
Promoter-Based Targeting of Cell Types in Primates
A key result of our study is that Purkinje cells of the monkey cerebellum can be transduced selectively by AAV vectors carrying a 1 kb L7 promoter. Such specificity is unusual for viral vectormediated gene delivery in primates. The modest payload of viral vectors and the presumed length of cell-type-specific promoters challenge the feasibility of this approach, and several attempts to achieve targeting in this way have yielded only moderate specificity (Delzor et al., 2012; Klein et al., 2016; K€ ugler, 2015; Nathanson et al., 2009a) . However, the present study shows that some types of primate neurons can be targeted with precision using short promoters, complementing recent promising efforts described below.
Cell-type-specific promoters have been used to achieve targeted transduction in non-human primates with varying degrees of success. A CamKIIa promoter (1.3 kb) in an AAV vector was used to activate koniocellular projections from the macaque lateral geniculate nucleus to primary visual cortex, achieving a specificity of 54%-88% (Klein et al., 2016) . A TH promoter (3.1 kb) in a lentiviral vector was used to target dopaminergic neurons of macaques, achieving a specificity of 96% (Lerchner et al., 2014) . A shorter TH promoter (300 bp) was used in an AAV vector to drive ChR2 expression in this same neuronal type, achieving a specificity of 95% and mediating physiological and behavioral effects (Stauffer et al., 2016) . A short, highly conserved gene-regulatory sequence (Dlx, 530 bp) was used to drive GFP expression in GABAergic neurons of marmosets, achieving a specificity of 93% (Dimidschstein et al., 2016) . These studies, together with our current findings, provide growing support for the feasibility and promise of viral vector-mediated gene delivery to targeted neuronal classes in primate using short, cell-type-specific promoters.
Our study makes three new contributions to this body of work. First, we showed for the first time that a cell-type-specific promoter can drive sufficient ChR2 expression to mediate robust neuronal responses and changes in behavior. Previously, Stauffer and colleagues (2016) used a cell-type-specific promoter to drive expression of Cre recombinase, which in turn, catalyzed ChR2 expression. The modularity of the Cre-dependent approach permits the use of longer promoter sequences but requires individual neurons to be transduced by two vector particles: one carrying the Cre recombinase gene and another carrying the ChR2 gene. The requirement for coincident transduction reduces efficiency compared to the single vector approach we used. Second, we showed that a cell-type-specific promoter can be equally selective when packaged in different, distantly related AAV capsids. Third, we showed that cell-type-specific optogenetic manipulation can affect behavior on the timescale of tens of milliseconds. This result contrasts with the use of optogenetics as a means to reinforce a learned behavior across trials (Stauffer et al., 2016) .
We conclude that the precise temporal control afforded by optogenetics can be exploited to manipulate signals carried by primate Purkinje cells, a population of neurons for which spike timing is thought to be critical for normal function (De Schutter and Steuber, 2009; Hong et al., 2016) .
Potential Applications of AAV-L7-ChR2
Purkinje cell spike trains have structure on multiple timescales (Bell and Grimm, 1969; De Zeeuw et al., 2008) , and deciphering this temporal code will require tools that modulate Purkinje cell activity rapidly and reliably. The kinetic properties of the opsin we used, ChR2 (H134R), are ill-suited for high-frequency manipulations (Tchumatchenko et al., 2013) . Nevertheless, Purkinje cell responses did entrain faithfully to modulations in the 1-20 Hz range, which subsumes the frequencies produced during sinusoidal oculomotor pursuit, as well as vestibular and optokinetic stimulation protocols (Heck et al., 2013; Lisberger and Fuchs, 1978; Miles et al., 1980; Noda and Warabi, 1987; Stone and Lisberger, 1990; Suzuki and Keller, 1988) . Almost all of the units we recorded followed sinusoidal optical stimulation closely; one unit had a frequency-doubled response near the preferred frequency (data not shown).
Developing optogenetic technologies that produce activity patterns that mimic natural states will facilitate interpretation of the physiological and behavioral effects that ensue. Opsins with faster kinetics will extend the range of temporal patterns that can be produced in Purkinje cells (Govorunova et al., 2017; Gunaydin et al., 2010; Klapoetke et al., 2014; Lin et al., 2009) . Devices that deliver spatially patterned lights (Farah et al., 2015; Zorzos et al., 2012) will broaden the range of useful manipulations further. However, uncertainty about the spatial activity patterns that occur naturally and the convoluted structure of cerebellar cortex make this approach challenging for studying Purkinje cells.
Purkinje cells affect cerebellar output via their projections onto the deep cerebellar nuclei (DCN). However, the relationship between activity in Purkinje cells and their DCN targets is not well understood. Purkinje cells inhibit DCN neurons (Chan-Palay et al., 1982; Ito et al., 1964 ) but these two neuronal populations do not always modulate reciprocally (McDevitt et al., 1987) , owing presumably to other inputs to the DCN (Heck et al., 2013) . The temporal structure of Purkinje cell spiking is also thought to play an important role; when synchronized, Purkinje cells can increase DCN firing rates through a post-inhibitory rebound mechanism (Czubayko et al., 2001; Gauck and Jaeger, 2000; Person and Raman, 2012) . Experiments in which Purkinje cell activation is combined with simultaneous recordings of DCN neurons may reveal how different temporal patterns of Purkinje cell spiking modulate DCN activity. Additionally, optogenetic activation of Purkinje cells during movements that modulate mossy fiber activity (Kase et al., 1980; Ohtsuka and Noda, 1992; Prsa et al., 2009; van Kan et al., 1993 ) may provide new insights into the interactions among pathways.
To investigate information transfer from Purkinje cells to DCN neurons directly, Purkinje cells can be stimulated optically at their axon terminals. This approach has the advantages of stimulating only the subset of Purkinje cells that innervate a region of interest in the DCN and facilitating postsynaptic response measurement. The dense axonal ChR2-mCherry expression we observed in the dentate nucleus ( Figure S6 ), and previous successes in activating axon terminals in primates (El-Shamayleh et al., 2016; Galvan et al., 2016; Inoue et al., 2015; Klein et al., 2016) , augur well for this approach.
The DCN inhibits the inferior olive, which in turn excites Purkinje cells, creating an olivo-cerebellar loop. Signals in this circuit may account for the increase in complex spiking that we observed after Purkinje cell activation ( Figure S5 ; also see Chaumont et al., 2013; Miall et al., 1998) . The long delay between optogenetic activation and increased complex spiking is consistent with the dynamics of the inhibitory synapse between the DCN and the inferior olive (Best and Regehr, 2009 ).
Effects of OMV Purkinje Cell Activation during Saccades
We investigated the effect of Purkinje cell activation on saccades, a behavior that is tightly regulated by the cerebellum (Kheradmand and Zee, 2011; Robinson and Fuchs, 2001 ). Optical stimulation of Purkinje cells in the OMV produced robust and consistent saccade dysmetria. The robustness of this effect may be due to the fact that even modest variability in Purkinje cell firing rates can manifest in oculomotor behavior (Chaisanguanthum et al., 2014; Medina and Lisberger, 2007) . The consistency of the effect suggests that optical stimulation excited populations of Purkinje cells that project to a common region of the DCN, in agreement with the coarse topography of the OMV over the region we sampled Ohtsuka and Noda, 1995) . Our data support the idea that Purkinje cells in the OMV contribute to saccades via projections to their DCN target-the caudal fastigial nucleus (cFN)-and subsequent influence on the brainstem (Kojima et al., 2014 , see their Figure 8 ).
Optical stimulation of OMV Purkinje cells in monkey 4 caused robust responses that waned after 4 months of experimentation. Histological analyses revealed Purkinje cell-specific death in monkey 4 ( Figure S4A ). This cell death was presumably due to our experimental procedures. Mechanical damage, excitotoxicity, phototoxicity, and toxicity from overexpression all may have contributed (Choi, 1987; Frigault et al., 2009; Hirase et al., 2002; Miyashita et al., 2013; Stubblefield et al., 2013; Yizhar et al., 2011) . Teasing these factors apart will require experiments in which optical fiber insertion, light delivery, and opsin expression are dissociated. We note that monkey 4 was euthanized 6 months after injection, whereas the next-longest duration for the other monkeys was 3 months, consistent with the idea that cell death occurred several months after vector injection.
Optical stimulation of OMV Purkinje cells failed to evoke saccades, in contrast to electrical stimulation (Fujikado and McElligott and Keller, 1984; Noda and Fujikado, 1987; Ron and Robinson, 1973) . This finding is consistent with reports of optogenetic stimulation affecting primate behavior more weakly than electrical stimulation does (Cavanaugh et al., 2012; Diester et al., 2011; Han, 2012; Han et al., 2009; Ohayon et al., 2013) . Explanations for this difference include that optical stimulation activates neurons over relatively short distances (Histed et al., 2009 ), evokes only low-frequency spiking in ChR2-positive axons (Hass and Glickfeld, 2016; Jackman et al., 2014) , and does not activate afferents antidromically. Additionally, to evoke a saccade, stimulation must be strong enough to suppress omnipause neurons in the brainstem (Fuchs et al., 1985) , whereas weaker stimulation is sufficient to bias saccade metrics (Keller et al., 1983; Ohtsuka and Noda, 1991) .
Mid-flight optical stimulation of OMV Purkinje cells biased visually guided saccades leftward. This result implies that stimulation was delivered to the left OMV and is consistent with previous studies that used other techniques: electrical stimulation Keller et al., 1983; McElligott and Keller, 1984; Noda and Fujikado, 1987; Ron and Robinson, 1973) and pharmacological manipulation of the OMV (Kojima et al., 2010) and the cFN (Iwamoto and Yoshida, 2002; Robinson et al., 1993; Straube et al., 2009 ). We found additionally that optogenetic stimulation caused downward saccades to become hypermetric. Dysmetria of upward and downward saccades has been observed in previous studies but was not emphasized perhaps due to the variability of these effects (Iwamoto and Yoshida, 2002; Keller et al., 1983; Straube et al., 2009) . We speculate that the consistency in downward hypermetria we observed was due to consistency in the Purkinje cell population stimulated optically.
Apart from being useful for oculomotor neurophysiology, Purkinje cell-specific optogenetics in primates may reveal contributions to non-motor capacities-a controversial aspect of cerebellar function (Baumann et al., 2015; Buckner, 2013; Schmahmann, 2010; Strick et al., 2009) . Patients with cerebellar lesions do not exhibit gross cognitive deficits (Frank et al., 2007; Richter et al., 2005; Timmann and Daum, 2007) , but convergent evidence suggests that Purkinje cell dysfunction contributes to autism spectrum disorders (Reeber et al., 2013) and schizophrenia (Andreasen and Pierson, 2008) . The cerebellum has also been implicated in visual motion perception (H€ andel et al., 2009) , interval timing (Ivry and Keele, 1989) , and sequence recognition (Braitenberg et al., 1997; Molinari et al., 2008) . Experiments that combine the efficacy and specificity of the AAV-L7-ChR2 vector with the sophisticated behavioral capacities of non-human primates are now poised to reveal Purkinje cell contributions to these behaviors.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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All four monkeys contributed to previous neurophysiological studies. Monkeys 1 and 2 contributed to studies of the primary visual cortex (Hass and Horwitz, 2013; Horwitz and Hass, 2012; Jazayeri et al., 2012; Ni et al., 2014) . Monkey 3 contributed to studies of the lateral intraparietal area (Hanks et al., 2014; Kira et al., 2015) . Monkey 4 contributed to studies of the superior colliculus (Y.K. and R.S., unpublished data). Monkey 1 had previously received injections of AAV1-hSyn-ChR2-mCherry into the primary visual cortex. Monkey 2 had previously received injections of AAV1-hSyn-oChIEF-citrine into the frontal eye fields. Monkey 4 had previously received injections of AAV1-hSyn-ChR2-mCherry into the superior colliculus. Monkey 3 was naive to AAV vectors at the time of cerebellar injections.
Behavior Monkey 4 performed a visually guided saccade task. On each trial, the monkey fixated a 0.25 central target for 800-1000 ms, and when the target was displaced by 10 in one of the four cardinal directions, the monkey made a saccade toward the new target location. On randomly interleaved trials (50%), blue light (450 nm) was delivered to the oculomotor vermis (OMV) via optical fiber 6-9 ms after saccade initiation (when the eye velocity exceeded 15 /s) ( Figure 6A ). At seven of ten stimulation sites, the laser was pulsed (1.5 ms ON; 333 Hz) at 120 mW for 100 ms (i.e., 60 mW, laser power on average); at the remaining three sites, laser power was constant at 60 mW for 100 ms. Both stimulation protocols yielded qualitatively similar results, which were therefore combined.
Histology
We examined fluorescent protein expression histologically at the conclusion of neurophysiological and behavioral experiments. The number of days between vector injections and euthanasia was: 71 (monkey 1), 85 (monkey 2), 31 (monkey 3) and 182 (monkey 4). Animals were euthanized with an overdose of pentobarbital and perfused through the heart with 4% paraformaldehyde followed by a gradient of sucrose in phosphate buffer (10, 20 and 30%). The brain was extracted and cryoprotected in 30% sucrose. Sagittal sections (50 mm) were cut on a sliding microtome and mounted onto slides. Transduced cells were first localized by inspecting native fluorescence signals. Sections were then stained using primary antibodies against the reporter proteins mCherry (Clontech 632543 RRID: AB_2307319, 1:250) and GFP (Abcam 13970 RRID: AB_300798, 1:1000) and against the Purkinje cell marker calbindin (Swant CB38 RRID: AB_10000340, 1:1000), and using secondary antibodies (Invitrogen Molecular Probes): Alexa 594 (A21203 RRID: AB_141633, 1:400), Alexa 568 (A10042 RRID: AB_2534017, 1:400), Alexa 488 (A21206 RRID: AB_141708 and custom, 1:400) and the nuclear stain DAPI (Invitrogen Molecular Probes D-21490, 1:5000) for visualization by epifluorescence and confocal microscopy.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed in MATLAB (MathWorks). All hypothesis testing procedures were non-parametric except for the t tests used to determine the latency of the optical stimulation on saccade velocity ( Figure 7B ). A test of normality was not performed to confirm the validity of this procedure. The shifts in saccade endpoints due to optical stimulation had directions that were restricted to a small portion of the 0-360 range ( Figure 7A ), justifying the use of Spearman's rank correlation coefficient to examine relationships among the following variables: saccade target location, direction of the saccade end point shift, and mediolateral position of the optical fiber in craniotomy.
Neurophysiology
For each unit recorded, we analyzed rasters and peri-stimulus time histograms (PSTHs) at each laser modulation frequency (Figure 5A ) to derive the summary statistics described below.
To examine the frequency dependence of optogenetic activation, we computed the response amplitude from PSTHs at each of the laser modulation frequencies tested (F1 response) and fitted these responses with a log-Gaussian function (Wang and Movshon, 2016) : R(f) is the response to frequency f; R o is a vertical offset term; A is the amplitude; f p is the preferred frequency and s is the logGaussian width. From this fit, we extracted two parameters: (1) the preferred laser modulation frequency (f p ), corresponding to the maximal response amplitude and (2) the high-frequency cutoff, defined as the highest frequency corresponding to half of the maximal response amplitude. We compared these parameters across the population of units tested with the full range of frequencies, up to 500 Hz ( Figure 5E ; n = 21). We excluded from this analysis units for which the highest frequency tested was 283 Hz (n = 5 units), 129 Hz (n = 2), 16 Hz (n = 2), or 8 Hz (n = 1).
To evaluate the magnitude and sign of optogenetic activation, we compared the average firing rate during the first 500 ms of optical stimulation across all frequencies to the same epoch on trials without stimulation ( Figure 5C ). We also compared the response at the preferred stimulation frequency to the response at the same frequency on trials without stimulation ( Figure 5D ).
To estimate response latency to an abrupt light step, we pooled responses to 129, 222, 259, and 500 Hz stimulation conditions. We first calculated average baseline activity from the 500 ms preceding light onset and then found the first time after this interval (measured in 1 ms steps) at which average optically driven activity exceeded average baseline activity by three standard deviations. These analyses were restricted to the subset of units that showed an increase in activity of 1.5-fold or higher at these frequencies (n = 16; Figure 5E ). Pooling across frequencies decreased variability at the expense of a bias toward longer latencies; all stimuli were in sine phase and therefore reached peak intensity 1-4 ms after stimulus onset.
